Results

a translation of approximately 50 Å along the long axis of the molecule and no rotation around the same axis. Each repeat consists of three helices and two loops. Structure Determination and Overall Structure of HE␤89
We refer to the helices in the first repeat as A, B, and C, and to the helices in the second repeat as AЈ, BЈ, and The crystal structure of HE␤89 was solved by MAD phasing from a selenomethionine-substituted protein crystal CЈ. Helices C and AЈ form a single long helix that includes the linker region. Helices A, C, AЈ, and CЈ are slightly and was refined to a final R work of 22.2% and R free of 25.9% at 2.4 Å resolution (see Experimental Procedures bent, while helices B and BЈ are kinked at their midpoints. The three helices in each repeat show a characand Table 1 ). The asymmetric unit contains one molecule and the final model includes 211 residues (amino acids teristic heptad pattern and interact with each other through residues a and d, which are generally hydropho-1063-1273), 182 water molecules, and 2 sulfate ions. The model has excellent stereochemistry; there are no bic, lie on the inward-facing surface of the helix, have smaller solvent accessible areas, and create a closely outliers and all residues occupy most favored and additional allowed regions in the Ramachandran plot packed core region. (Table 1) .
The overall structure of HE␤89 consists of two repeats
Comparison of HE␤89 and CB␣1617
The overall structure of HE␤89 is similar to that of (termed R8 and R9) connected by an extended ␣ helix (Figure 1) . The molecule has an elongated shape with a CB␣1617 ( Figure 2B ). However, it is not possible to simply superpose each pair of repeats, as the relative orienlength of about 103 Å and a width of about 21 Å . The relative orientation of the two repeats is described by tation (tilt, roll, and twist angles) of the two repeats in HE␤89 is quite different from that of the two repeats in and two extra residues are added at the N terminus of helix C (Figures 2A and 2C) . A change in the phasing of CB␣1617 (termed R16 and R17). In HE␤89, the tilt angle is about Ϫ11.6Њ, the roll angle is about 3.8Њ, and the twist the heptad pattern corresponding to a deletion of four residues and referred to as a stammer (for definition see angle is about 0.2Њ. In the five structures of CB␣1617, tilt angles range from 0.5Њ to 22.4Њ, roll angles range Brown et al., 1996) that was observed in the second helices of R16 and R17 (Grum et al., 1999) is not obfrom Ϫ3.3Њ to 9.5Њ, and twist angles range from 27.9Њ to 52.5Њ (Grum et al., 1999) . The relative orientation of the served in those of R8 and R9 (Figure 2A ), suggesting that this stammer is not a universal feature of the spectrin repeats in HE␤89 was determined by the same procedure as described previously (Grum et al., 1999) .
repeats. When individual repeats of HE␤89and CB␣1617 are compared, the rms differences are small (rms differ-
Helical Linker Region
The crystal structure directly answers the question reences ranging from 1.07 to 1.59 Å for 98 to 106 C␣ atoms), indicating that the individual repeats are nearly garding the conformation of the linker region of HE␤89, as it displays an ␣-helical linker without any breaks or identical ( Figure 2C ). In R8, the BC loop and the N terminus of helix C differ significantly from those of the other discontinuities (Figures 1 and 3A) . The ␣-helical linker consists of five residues and enables helix CAЈ to form repeats: the BC loop adopts a different conformation, sess these tryptophans, the role of these highly conserved residues could be examined by comparing the Cys1167 and Leu1168 make van der Waals contacts with Met1089 in loop AB and Leu1100 in helix B, respecstructure of R9 with that of R8 and the two repeats of CB␣1617. tively. In CB␣1617, Glu1873 hydrogen bonds to Asn1945 and His1947 in the loop corresponding to loop BЈCЈ.
In R8, Trp1076 stacks on His1113, while Trp1076 interacts with Trp1150, resulting in a closely packed core Ser1874 hydrogen bonds to Tyr1797 in the loop corresponding to loop AB ( Figure 3C from each other in R9 so that a large cavity is created structure. For instance, wild-type Myb, a DNA binding protein consisting of three imperfect repeats, one of in the core, which contains two water molecules ( Figure  4B ). In R16, the equivalent interaction involves Trp1784/ which exhibits decreased thermal stability attributed to a cavity in the hydrophobic core (Ogata et al., 1996) . A His1821/Trp1857 ( Figure 4C ) and is almost the same as that of R8. In R17, this interaction involves Trp1890/ valine to leucine (V103L) mutant can fill this hole and leads to higher stability (Ogata et al., 1996) . Taken toHis1927/Val1963. However, R17 has a valine (Val1963) instead of the conserved tryptophan in the third helix, gether, these observations suggest that buried water molecules can confer stability, although not as much as and as a result, the core of R17 displays a much smaller cavity than in R9 and contains no water molecules (Fig- the nonpolar protein atoms forming part of the hydrophobic core. The observation of a large cavity parure 4D).
In order to stabilize their structures, heptad repeat tially filled with two water molecules in R9 suggests that the lower stability of HE␤89 may be due, at least partially, structures generally form closely packed hydrophobic cores with residues a and d on the inward-facing surto its more loosely packed hydrophobic core than that of other spectrin repeats. Thus, the tryptophans at the face. In contrast, the above core is formed by g, d, and a residues, with the g residues largely exposed to the g position and at the a position are crucial for the formation of a closely packed core and a more stable protein. Asp1115 also hydrogen bonds to a water molecule (W1). Helix BЈ of R9 has a similar hydrogen bonding pattern solvated cavities are more stable than those with empty cavities, although they are still less stable than wildto R8 ( Figure 5B ), but additionally, this helix contains a proline (Pro1227) near the kink ( Figure 5C ). Proline lacks type protein (Takano et al., 1997, 2003) . In addition, a cavity-filling mutation can help to stabilize a protein an amide proton and, hence, cannot form an intrahelical hydrogen bond between the amide and carbonyl groups, to be nonhelical, the structure clearly shows it to be ␣ helical (Figures 1 and 3) . In contrast, CB␣1617 also so that it may act as a helix breaker (O'Neil and DeGrado, 1990). Nevertheless, it has been reported recently that possesses an ␣-helical linker ( Figure 2B ) but is thermodynamically more stable than HE␤89. Thus, the lower the C␦ proton of a proline residue in a helix can form a C-H···O hydrogen bond so as to stabilize a helix (Chakrathermal stability of HE␤89 is not attributable to a nonhelical linker region. barti and Chakrabarti, 1998). Most of those hydrogen bonds are formed by the proline and the carbonyl oxyTwo factors appear to be important for the lower stability of HE␤89. The first factor is the presence of a large gen of a preceding amino acid, either three (type 3), four (type 4), or five (type 5) residues away (Chakrabarti and cavity with two water molecules in the hydrophobic core in R9. This cavity is presumably due to the fact that R9 Chakrabarti, 1998). In R9, both a type 3 and a type 4 hydrogen bond are present in helix BЈ and may help to does not contain the highly conserved tryptophans in its first and third helices ( Figure 4B ). This cavity is the first stabilize it ( Figure 5C ). However, two canonical intrahelical hydrogen bonds are lost between Lys1223 and structural evidence for the importance of the tryptophan residues for the conformational stability of spectrin rePro1227 and between Val1224 and Val1228 ( Figure 5C ). Thus, HE␤89 loses six canonical intrahelical hydrogen peats (Figure 4) . A second factor is the loss of six canonical intrahelical hydrogen bonds in the B helices of HE␤89 bonds but forms eleven protein-water hydrogen bonds and a type 3 and a type 4 C-H···O hydrogen bond.
( Figures 5A-5C ). Of the six intrahelical hydrogen bonds lost from HE␤89, four are missing from helix BЈ of R9 In CB␣1617, helix B in R16 is also kinked and contains a proline residue. As a result, two canonical intrahelical ( Figures 5B and 5C ), strongly suggesting that R9 is the repeat that is thermodynamically less stably folded. It hydrogen bonds are lost between Ala1819 and Pro1823 and between Ala1820 and Ala1824, and two proteinis noteworthy that the loss of canonical intrahelical hydrogen bonds occurs in the vicinity of the large cavity water hydrogen bonds and a type 3 and a type 4 hydrogen bond are formed ( Figure 5D ). The corresponding in the core, suggesting that the two factors may cooperatively decrease the thermal stability of HE␤89. helix in R17 is not kinked, and the intrahelical hydrogen bonds are all present ( Figure 5E Figure 6D , the last repeat of four tandem repeats based on the structures of CB␣1617 was superposed on R8 of Experimental Procedures HE␤89, and then R9 of HE␤89 was superposed on the fifth repeat of the model containing a twist angle of almost 0Њ at the positions Overexpression and Protein Purification of repeats 8 and 9 made in Figure 6C . As a result, the model contains HE␤89 (residues 1063-1275) was overexpressed in Escherichia coli two twist angles of almost 0Њ at the positions of repeats 4 and 5 BL21(DE3) and purified by DEAE and Q-sepharose anion exchange and repeats 8 and 9. In all cases, helix C of the 17th repeat was chromatography and S-100 gel filtration chromatography as preremoved from the final model. All figures were generated with the viously described (Grum et al., 1999) . SeMet-HE␤89 was prepared programs, Molscript (Kraulis, 1991), Bobscript (Esnouf, 1999), and using the methionine pathway inhibition method (Van Duyne et al., Raster3D (Merritt and Murphy, 1994). 1993) and purified in the same manner as the native HE␤89 protein. HE␤89 was more than 95% pure, which was confirmed by SDS-PAGE in 3 M urea. For crystallization, purified protein was concenAcknowledgments trated to 15-30 mg ml Ϫ1 in 10 mM HEPES (pH 7.5) using a Centriplus-10 (Amicon) and stored at 4ЊC prior to crystallization.
We 
